<]
TUDelft

Delft University of Technology

Sizing of an autonomous microgrid considering droop control

Rey, Juan M.; Jiménez-Vargas, Ivan; Vergara , Pedro P.; Osma-Pinto, German ; Solano, Javier

DOI
10.1016/j.ijepes.2021.107634

Publication date
2022

Document Version
Final published version

Published in
International Journal of Electrical Power & Energy Systems

Citation (APA)

Rey, J. M., Jiménez-Vargas, |., Vergara , P. P., Osma-Pinto, G., & Solano, J. (2022). Sizing of an
autonomous microgrid considering droop control. International Journal of Electrical Power & Energy
Systems, 136, 1-10. Article 107634. https://doi.org/10.1016/j.ijepes.2021.107634

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ijepes.2021.107634
https://doi.org/10.1016/j.ijepes.2021.107634

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Electrical Power and Energy Systems 136 (2022) 107634

Contents lists available at ScienceDirect

POWER
AND ENERGY
SYSTEM

International Journal of Electrical Power and Energy Systems

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ijepes

Check for

Sizing of an autonomous microgrid considering droop control™ e

Juan M. Rey *, Ivan Jiménez-Vargas °, Pedro P. Vergara °, German Osma-Pinto *, Javier Solano *

? Escuela de Ingenierias Eléctrica, Electronica y de Telecomunicaciones, Universidad Industrial de Santander, Bucaramanga 680002, Colombia
® Intelligent Electrical Power Grids Group, Delft University of Technology, Delft, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Autonomous microgrids are a suitable solution for off-grid electrification in terms of costs and reliability. The

Droop control correct sizing of its generation and storage systems ensures efficient utilization of the available energy resources.

Microgrids ) Generally, many sizing approaches assume optimized energy management strategies that rely on central control

Renewable energies . . . . T . . .

Sizing architectures. However, these architectures are not always available, especially in limited investment microgrid
Z)

projects. For this reason, the study of operation scenarios based on decentralized control strategy such as droop
control is relevant. Based on this, this paper aims to evaluate the impact of the droop control over the sizing
results of a solar/wind/battery/diesel microgrid. For this purpose, a case study of a sizing problem is presented,
including the formulation and modelling. Results are presented comparing an hourly optimized energy man-
agement scenario with multiple values of the droop control parameters. Simulations results indicate that a
competitive total cost can be obtained if the droop parameters are calculated considering the microgrid sizing

results. Based on this, a generalizable design methodology for this purpose is presented.

1. Introduction

Autonomous microgrids are recognized as one of the most suitable
and cost-effective solutions for off-grid electrification in rural [1,2] or
remote applications [3,4]. The main factor influencing this situation is
the continuously decreasing costs of renewable energy technologies due
to technological advances and increased scales of production. However,
due to the intermittent, unpredictable, and seasonal nature of renewable
resources, it is highly risky for the reliability of the system to implement
autonomous microgrids based exclusively on renewable energy sources.
As an alternative, it is recommended to consider the implementation of
hybrid systems which integrate renewable sources with multiple storage
systems or fuel-based generators as backup systems [5-7]. Hybrid
microgrids allow a reliable energy supply and, as it has been widely
discussed in the literature, generally its operation is less expensive than
single energy source microgrids [8,9].

The microgrid sizing problem is understood as the design and
quantification of the generation and storage systems. For the reasons
stated above, the formulation and solution of the microgrid sizing
become fundamental to ensure efficient utilization of the generation
sources in hybrid systems [10]. The suitable sizing of the microgrid

reduce the risk of oversize (which could lead to high costs) or undersize
(which can risk the power supply reliability) the elements of the system
and avoids its undesired consequences [11].

As shown in [12], several methodologies have been presented to
address the sizing problem of hybrid microgrids in different applications
and scenarios. One of the most commonly analyzed configurations for
the generation and storage systems corresponds to a microgrid
composed of solar/wind/battery/diesel generators [13,14]. When a
proper sizing is calculated, this type of microgrid allows a good balance
between renewable and fuel-based power generation, and thus, between
implementation costs and power supply reliability [15].

Several works have explored different sizing approaches of this
microgrid configuration considering complementary design criteria
such as techno-economic feasibility [16-18], life-cycle costs and emis-
sions [19,20], human development indices [21], levelized costs of en-
ergy [22-24] or environmental impacts indicators [25], formulating and
modeling the mathematical problem or using specialized software for
this purpose, as HOMER [26-28]. Also, other works are focused on
testing the performance of different optimization techniques such as
teaching-learning optimization [29], diving rectangles algorithm [30],
particle swarm optimization [31,32], self-adaptive differential evolution
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[29], grasshopper algorithm [33], clonal selection algorithm [34], social
spider algorithm [35], elephant herd algorithm [36] and other bio-
inspired optimization approaches [37-39] on the solar/wind/battery/
diesel generators microgrids sizing solution.

Regarding microgrids operation, hierarchical control has become the
standard approach to control and coordinate the critical functioning
variables [40,41]. In the hierarchical approach, the control objectives
are managed in layers according to their dynamics of operation [42,43].
The most common hierarchical architecture considers a three-layer
scheme [44], in which the superior layers control the power quality
and energy dispatch. In contrast, the primary layer regulates the local
frequencies of the distributed generators until a global frequency is
reached. The primary layer objectives can be achieved using different
control strategies, with droop control being one of the most remarkable
[45]. The action of the droop control produces a linear deviation that
relates the frequency and the active power. Thus, once a steady-state
global frequency is reached, a power-sharing between the distributed
generators is achieved.

Despite the common use of the droop control due to its imple-
mentation simplicity, many sizing approaches fail to consider its oper-
ation in the problem formulation. The main reason for this is that it is
assumed that a centralized architecture based on a microgrid central
controller (MGCC) is implemented. MGCC periodically sends dispatch
signals to the controllable distributed generators in order to ensure
optimal energy management. However, the availability of an MGCC is
not always ensuring, especially in limited investment projects. Taking
into account that many microgrids, especially those that operate in rural
and remote areas, could operate using strategies that are based only on
local control techniques, it is relevant to evaluate its impact on the use of
energy resources [46].

Some of the key works that have studied the impact of droop control
on autonomous microgrids are the following. Regarding the operation,
in [47] a sitting and operation method to set the droop control param-
eters of distributed generators is presented. These parameters are
defined solving an optimization problem to reduce fuel cost and improve
voltage profile and stability. In [48] a formulation for reconfiguration of
autonomous droop-based microgrids is presented. In [49,50] are pro-
posed optimal allocation and volt-var dispatch strategies for achieving
reactive power-sharing, reduction of line losses and conservation
voltage reduction in droop-based autonomous microgrids. Also, an
allocation of active and reactive power among dispatchable generators
in droop controlled microgrids is proposed in [51]. This strategy con-
siders economic, environmental and operational control objectives.

Regarding the sizing, in [52] the energy storage systems of a stand-
alone microgrid that works based on droop control are designed to
support the regulation and enhance stability. Also, in [53] a sizing of the
battery energy storage is performed implementing a frequency regula-
tion function. In [54] the sizing of the generation and storage systems of
a droop-based microgrid is studied in the context of expansion planning.

To date, for the authors’ best knowledge, there are no reported works
that explicitly study the impact of considering droop control on cost and
reliability indicators of generation and storage units sizing design of
autonomous microgrids. Thus, the main contributions of this work are
the following:

e An evaluation of the impact of considering droop control as opera-
tion technique on sizing results is presented. For this purpose, a case
study of a solar/wind/battery/diesel microgrid sizing is modelled
and simulated. The results are compared with an ideal centralized
hourly optimized energy management scenario to identify how the
droop parameters can be appropriately defined from the microgrid
sizing approach.

e A generalizable design methodology to calculate droop parameters
considering the microgrid sizing results is presented.

The rest of the paper is organized as follows: Section 2 describes the
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system and modelling. Section 3 presents the power dispatch scenarios,
including an hourly optimized energy management and the droop con-
trol. In Section 4, information about the case of study is described. Sizing
design criteria are presented in Section 5. In Section 6, simulation results
are presented and a generalizable design methodology is discussed.
Finally, general conclusions are drawn in Section 7.

2. System description and modelling

The system evaluated in this work is an isolated microgrid composed
of solar, wind and diesel-based generation sources. The energy storage is
performed using batteries. For simplicity, the topology of the grid is
assumed as a single AC bus where loads are grouped and connected.
Fig. 1 presents a general scheme of the considered system. In this sec-
tion, the equations that model the power generation systems, the storage
system and the energy management strategy are presented.

2.1. PV panels

The model used for the PV panels considers the solar irradiation I and
the ambient temperature T, as input variables [55-57]. First, the cell
temperatue T, is calculated as follows

NOCT — 20>

08 €8]

1) = 1,00+ 10

where NOCT is the nominal operating temperature of the PV cells. Using
this value, the output power of a single PV panel Ppy,,; is calculated as
follows

KP
Ppyunic(t) = YatipyApyI(t) | 1 — 100 (T.(r) —25) @

where Yy is a derating factor due to dust accumulation, #py is the con-
version efficiency of the PV panel, Apy is the superficial area of the PV
panel and K, is a power temperature coefficient.

In order to obtain the total power generated by a set of Npy panels,
(2) can be replied as

Ppy(t) = NpyPpyunic(). 3

2.2. Wind turbines

The model considered for the wind turbines is based on the following

AC bus

9 N

Converter

Converter

Batteries Diesel generator

N

Converter

Wind turbines

ERR X
—r

PV panels

Load

Converter

Fig. 1. General scheme of the microgrid considered in the study case.
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curve equation [58,59]

0 7V(l) < chl—in
Pyr, (V2 — V3,
(%) VSV (0) < Vo
PWI’unil(t) = Vruled - cht—in (4)
PWT, aVraledSV(t) < chl—om
0 ) ch&—outgv(t)'

where Py, is the output power of a single wind turbine, Pyr, is the
rated power of the turbine, V is the wind speed and Vi y_i, Viaea and
Veu—ow are the cut-in, nominal, and cut-out speed of the wind turbine,
respectively.

In order to obtain the total power generated by a set of Ny wind
turbines, (4) can be replied as

P (t) = NwrPwrunid(1)- ©

2.3. Diesel generator

For the diesel generator model, operation bounds are considered to
avoid overloads or lightly loaded scenarios [60]. These limits are
defined based on the nominal power of the diesel generation unit Pp, .
Thus, the power of the diesel is defined as

(6)

For a set of Np diesel generators, the operation limits in (6) are
adapted as

Pomin <P punit (1) SPpmax -

NP pmin <SP (1) SNp Ppmax - @

2.4. Batteries

The batteries modeling is based on the power of charge Pgc and
discharge Pgp, which affect the state-of-charge (SOC) [61]. Thus, SOC
for t is calculated for a set of Np batteries according to the injected/
extracted powers and the SOC of the last time interval as follows
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At At
SOC(t) = SOC(r — Ar) + Pye—1#¢2L _p

(8)
NpOpunit BD’]BDNB OBunit

where Q¢ is the battery capacity of a single unit, 5. is the battery
charging efficiency, npp, is the battery discharging efficiency and At is the
time interval of the power flow analysis. Notice that due to physical
restrictions, only one of the last two terms of (8) is used at a time ac-
cording to the state of the battery (charge or discharge). Maximum
charge and discharge rates for a single unit, Pgryie and Pppyit, respec-
tively, must be considered, thus

0 < Pc<NpPcrunit (C)]

0 < Pep<NPppnit- 10)

Also, for the proper operation of the batteries, maximum and mini-
mum values of SOC must be set as operation constraints (SOC,,,x and
SOC i, respectively) as

SOCin<SOC(1) <SOC s an

2.5. Microgrid operation modes

The microgrid can operate in four operation modes according to the
load/supply power balances. These modes are indicated in the flowchart
of Fig. 2. Defining the power Pg; as the difference between the power
demanded by the load Pj,,q and the power generated by the renewable
sources Ppy +Pyr (non-dispatchable power sources)

Pdif(l) = Pload(t) —va(l) —PWT(I) (12)
it is possible to indicate that an excess of renewable power generation is
presented when Pg;;<0. The power surplus can be fully or partially stored
in the batteries according to the maximum capacity of charge Pppax. A
curtailment strategy is applied on the controllers of the renewable
source to avoid overcharge.

On the contrary, a value of Pg>0 in (12) indicates insufficient
renewable power generation to supply the demanded load. Then, the
storage system and the diesel generators must attend the load as long as

No (Excess of ren. gen.)

Pyir > 0

Yes (Insufficient ren. gen.)

Yes
Pait < PpyBDmax

Batteries charge | Batteries charge -
with ren. gen Partially Power
curtailment unattended dispatching
load
>( End )< J

Fig. 2. Flowchart of the microgrid operation modes.
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the maximum capacity of these dispatchable sources Pp. ppmax allows it.
If it is not possible, the load will be partially unattended.

When the load can be attended by the storage system and the diesel
generators, the power references of these sources must be defined by the
power dispatch. In this paper, two possible strategies of power dispatch
are evaluated: an hourly optimized method, which will be used as a
benchmark, and the droop control, whose performance integrated with
the sizing design will be the focus of the analysis. These power dispatch
techniques are presented in the following subsection.

3. Power dispatching

According to the power balance flowchart presented in Fig. 2, the
power dispatching is carried out when the renewable power generation
is not enough to satisfy the demanded load. Thus, the controllable
sources (i.e., the storage system and the diesel generators) must operate
delivering the required power. As this work aims to analyze the impact
of considering the droop control operation in the sizing formulation, two
scenarios are proposed: a first scenario in which an hourly optimized
energy management scenario is considered (which will be used as a
benchmark in the discussion and analysis of results) and a second sce-
nario with the controllable sources operating with droop control.

3.1. Hourly optimized energy management

In this scenario, a minimization problem is formulated each hour as
follows

minp, p,, {fp +fos} (13)

where fp represents the cost function of the diesel generation and fpg is a
function that penalizes the discharge of batteries. This minimization is
solved subject to the operational constraints in (7)-(11). More details
about these cost functions are given in Section 4.2.

3.2. Droop control

The droop control is based on mimicking the behaviour of synchro-
nous generators using the grid-forming sources of the microgrid for this
purpose. The angular frequency w is calculated as follows

® = wy — mP 14

where wy is the reference angular frequency, m is the droop gain and P is
the supplied active power.

As a global steady-state frequency is reached, a power-sharing rela-
tion is obtained. Thus, if the microgrid has n sources working with the
control law in (14), the power-sharing will be defined by

mPy =mP; = ... =m,P,. (15)

Notice that the operation of the droop control set a power-sharing
between the supplied active powers according to the values of the
gains implemented in each source. Thus, the operation is restricted by
this relation, and the power generators do not necessarily operate in an
optimal point [62]. As previously discussed, although the droop control
approach is not an optimal dispatch strategy in terms of energy re-
sources use, this is a realistic operating scenario in microgrids in which
an MGCC is not implemented, and the operation of the grid relies on the
local controllers of the power generators units.

4. Case of study

As case study, a microgrid that follows the scheme and modelling
presented in Section 2 is considered. The values of the implemented
parameters are listed in Table 1, where Ppy, is the rated power of the PV
panels, Pcrypi and Ppp,i are the maximum charge and discharge rates for
a single battery, respectively. The rest of the parameters were previously
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Table 1

Implemented parameters.
Symbol Quantity Units Symbol Quantity Units
Ppy, 0.34 kw QBunit 9.8 kWh
NOCT 45 °Cc Perunit 3 kw
Yy 0.9 - Pprunit 5 kw
ey 0.175 - SOCin 0.4 -
Apy 1.944 m? SOCrax 1 -
K, —0.35 %/°C SOCyp 0.5 -
Pyr, 10 kw N, 2000 cycles
Veut—in 3 m/s Pp, 5 kw
Viated 10 m/s Ciesel 1 USD/L
Veut—out 20 m/s

described.

4.1. Meteorological and load consumption data

Meteorological information is used in sizing problems as input data.
In this study, the input of the power generation modelling corresponds
to the solar irradiation I, the ambient temperature T, for the PV model,
and wind speed V. As case study, a location at latitude 12.154 longitude
—72.063 on the north of Guajira region in Colombia was considered. The
meteorological data for one year was obtained from EU Science Hub
database. Three days in a row of the analyzed time interval were
randomly chosen to be shown in Fig. 3.

For the load consumption, a standard normalized profile was
implemented (see Fig. 4), which is used assuming a nominal demanded
power of 20 [kW]. The annual load profile was calculated considering a
randomness factor of + 15% to introduce a variability.

4.2. Cost functions

The cost functions consist of two components: an implementation
cost (CAPEX) which includes the installation and replacements costs and
quantifies the salvage costs, and an operation cost (OPEX) which in-
cludes operation and maintenance (O&M) and fuel costs. For the CAPEX
component, the value of each unit is calculated using the rated powers
and the factors presented in Table 2. For OPEX component, the functions
are modeled considering the following diesel consumption equation
[33,63]

fo(Pp) = PpPp +1p (16)

where g, and y;, are constants that are calculated as follows

Bp = 0.246 Cyiese a7
¥ = 0.08415 Cyeset Pp, Np. s)

where Cgicse is the cost of the fuel, Pp, the rated capacity of the gener-
ating unit and Nj is the total number of diesel generators.

For the batteries, the cost of operation (degradation function) is
modeled penalizing the discharge power as [64]

fan(Pep) = agpPy, (19)

where app is a constant calculated considering the cost Cg, the life time
in cycles N, the depth of discharge DoD, and the capacity of the battery
Qpunit, as follows

Cs

_ 20
2 Nc DoD QBunil ( )

Po

Po
= . 21
%D 0.6 PDrunil NB ( )
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Fig. 3. Solar irradiation I, ambient temperature T, and wind speed V for three days of the case study.
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Fig. 4. Standard normalized profile considered for the load consumption.

Table 2

CAPEX and O&M factors of the cost functions.
Symbol Quantity Units Symbol Quantity Units
Chveapex 3200 USD/KW Crvoam 30 USD/kW-YEAR
Cwreapex 4000 USD/kW Cwrosm 45 USD/kW-YEAR
CBeapex 1060 USD/kW CpoeM 15 USD/KW-YEAR
Cheapex 600 USD/kW Cpo&m 0.034 USD/KW-HOUR

Cost functions in (16) and (19) are applied in the hourly optimal
dispatch equation described in (13). An additional O&M terms to model
the annual maintenance costs are considering using the rated powers
and the factors presented in Table 2.

5. Sizing design criteria

In general, solving the sizing problem of a hybrid system requires
satisfying a compromise between power supply reliability and cost. In
order to quantify the reliability of the microgrid, different approaches
have been presented in the literature. In this paper, two of the most
commonly used reliability indicators are considered: LPSP and LOLH
[11,10,65].

e Loss of Power Supply Probability (LPSP): This design criterion
quantifies the probability to have unsupplied demand during the
time of analysis. For this purpose, the loss of power supply LPS is
calculated, which corresponds to the hourly unsupplied load (occurs
in the operation mode in which neither generation nor storage has
the capacity to fully satisfy the load, as explained in Section 2.5).
Then, LPSP is obtained from the ratio between the total sum of LPS
and the total demanded load P)y,q, as follows

SLPS
Z Pload

LPSP =

100% (22)

Loss of Load Hours (LOLH): This design criterion quantifies the
percentage of hours of the time of analysis in which the load is
partially unattended. For this, HLPS is calculated, being the total of
hours in which LPS has a non-zero value. Then, LOLH is obtained
from the ratio between HLPS and the total hours of analysis N. It can
be expressed as

HLPS
LOLH = N 100% (23)

Maximum values for these criteria are defined to discard unfeasible
sizing solutions. Any sizing solution with reliability criteria values lower
than these values is considered viable or feasible, and from this group is
selected the one with lower total cost as the best solution. This procedure
is explained in detail in the next section.

6. Results and discussion

This section presents selected simulation results to analyze the
impact of considering the droop control operation in the sizing problem
of an autonomous microgrid. Based on these results, a design method-
ology to calculate droop parameters is presented.

The solution of the sizing scenarios follows a common procedure:
first, a wide enough search space is defined based on the load peak
(nominal demanded power). It is worth noting that a definition of design
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rules or a proper optimization solver method could significantly reduce
the total computation time. However, this procedure was not detailed in
this work since it is not relevant to the proposed discussion. Then, an
hourly microgrid power balance is solved considering generated and
consumed powers, storage capacity and the power dispatch strategies, i.
e., optimized EM or droop control. Based on this, the reliability criteria
are calculated. A maximum value of 2.5% was considered for LOLH and
LPSP indicators. Finally, the best solution is determined by selecting the
lower total cost (i.e., CAPEX and OPEX) of the viable solutions.

6.1. Sizing considering hourly optimized energy management strategy

First, the sizing problem was solved considering the hourly opti-
mized EM (described in Section 3.1). Notice that the interest of this work
is to evaluate the impact that the droop control has over the sizing re-
sults, for this reason, these results are used as a benchmark in the
analysis and discussion. Fig. 5 presents all the obtained solutions in a
LPSP vs COST plot. A total of 113117 solutions are considered viable
according to the reliability indicators.

In order to discard infeasible solutions, a pareto front is plotted in
Fig. 6. The cost components and reliability indicators of the hourly
optimized EM solution are also presented. This optimal solution is
composed by the following configuration: Np = 2 [units], Nyr = 3
[units], Npy = 66 [units] and N = 6 [units]. The reliability performance
of this configuration was evaluated in the following subsection for
different values of droop control parameters.

6.2. Evaluation of the impact of droop control operation over sizing
results

In this subsection, an evaluation of the impact of considering droop
control as operation technique over the sizing results is performed. From
this approach, a methodology to design the droop control parameter is
proposed. As a starting point, notice that, according to (15), the values of
the gains m; have a direct impact on the power-sharing between supplied
active powers, and thus, over the operation of the microgrid. As dis-
cussed in Section 3, although this operating restriction may not be an
optimal operating point, it is how microgrids based on static control
droop control are expected to operate. For simplicity, in this study, each
type of generation/storage system was considered as a set, and thus, it is
controlled setting a single droop control parameter. Then, (15) can be
rewritten as

mpPp = mppPpp. 24)

50%

40%

|

= 30%

LPSP [%

20%

10%

0% . . B
0 10 20 30 40 50 60 70
COST 10° [USD]

Fig. 5. LPSP vs COST of all sizing solutions considering the hourly opti-
mized EM.
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X <—— LPSP = 1,053 %
< LOLH — 2,472 %
e OPEX - 10.391 USD
z 0.8% CAPEX — 18.098 USD 1
3 COST — 28.490 USD
0.4% - 1
0.0% e ‘ :
25 30 35 40 45 50

COST 10% [USD|

Fig. 6. Pareto front of sizing solutions considering the hourly optimized EM.

Realize that (24) indicates that the design of the gains mp and mpp is key
to determine the proportion of the supplied active powers. Lets define
X as the ratio

_Mmpp Pp

Xm - (25)

mp P’
Some works suggest designing the ratio X;, as a proportion of the
nominal powers of the dispatched sources [66]. However, in the sizing
problem these nominal powers are not known in advance (in fact, they
are obtained by solving the sizing problem). So that, to analyze the
impact of varying the droop ratio X,, over the sizing results, multiple
values of this variable were tested by solving several sizing scenarios.
As a first case, the configuration obtained from the sizing solution
considering the hourly optimized EM (i.e., Np = 2 [units], Nyr = 3
[units], Npy = 66 [units] and Np = 6 [units]) was evaluated for selected
values of X;,. The reliability indicators are presented in Fig. 7. Two
remarkable aspects can be concluded from these results: on the one
hand, it is observed that all values of the ratio X, present non-feasible
solutions (i.e., LOLH and LPSP above 2.5%.). Indeed, in some cases,
reliability indicators present values above 10%, which correspond to
unfeasible solutions with a poor reliability performance. On the other
hand, the simulations results show that the impact over the reliability
indicators does not produce significant changes when X,,>25, reaching

25.0

LOLH

2251 1

LPSP

20.0 1 1
175 1
15.0 [ 1
125 1
10.0 | 1

75¢ | e |

501 1

LOLH [%| & LPSP [%)

251 1

0.0
107 10° 10! 102
XTYL

Fig. 7. Best microgrid configuration with the hourly optimized EM evaluated
with selected values of ratio X,.
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almost constant values. The reason is that, for this interval, the ratio
between the delivered powers Pp, and Pgp makes the power contribution
of the batteries almost negligible.

This first analysis shows that given a specific microgrid size config-
uration, droop control has a poor performance in terms of reliability
compared with the centralized hourly optimized EM. However, as will
be discussed later, this can be overcome if the design of the variable X, is
considered in the sizing formulation.

Next, the sizing problem was solved for selected values of X;,. Unlike
the previous results, in this case, a configuration was not fixed in
advance, but the sizing problem was solved (calculating the best sizing
solution) for each of the values of the set X;, = [0.25,0.5,0.75,1,2.5,5,
7.5,10, 25,50, 75]. In all the simulations, the same search space was
considered. The main findings are discussed and illustrated below. The
sizing results considering the centralized hourly optimized EM are pre-
sented (using the convention OPT) as a benchmark.

e Viable Solutions: For each tested value of X,,,, different amounts of
viable solutions were obtained (for X,, = 0.25 no feasible solution
was found). The results are presented in Fig. 8. It can be appreciated
that the number of viable solutions increases when the value of the
ratio X, is greater. It is worth noting that this trend does not
necessarily mean that less expensive configurations are obtained in
largest values of X;,, as will be discussed below.

Reliability Indicators: The reliability indicators of the best sizing
solution for each value of X, are presented in Fig. 9. Notice that, in
general, the dominant reliability indicator is LOLH, which means
that this is the indicator that is closest to the defined threshold
(2.5%). For this reason, it is the most critical reliability criterion to
determine if a configuration is viable or not.

Costs Components: The cost components of the best sizing solution
for each value of X, are presented in Fig. 10. CAPEX and OPEX were
highlighted using different colours. This figure shows that the sizing
result of the hourly optimized EM corresponds to the cheapest so-
lution. This is because the operation of the hourly optimized EM
strategy guarantees the best OPEX performance. However, it is also
possible to observe that some values of X, present sizing solutions
with highly competitive costs solution compared to this benchmark.
Particularly, the total costs of the best configurations with X;;, = 5,
7.5, 10 and 25, are more expensive for less than 10% compared with
the hourly optimized EM solution.

The obtained results indicate that a more detailed exploration of the
values of X;, in the range 5 <X;,<25 is convenient in order to identify the
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Fig. 8. Number of viable solutions for the hourly optimized EM and different
values of X,.
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Fig. 10. Cost of the best sizing solutions for the hourly optimized EM and
different values of X,.

ratio with the best sizing results. For this analysis, a step of 0.25 in the
ratio was considered. The total costs of the best sizing solution for each
value of X, in this range are presented in Fig. 11.

These results show that the cheapest sizing configuration is obtained
using X, = 21.25. The total cost obtained is only 2.36% more expensive
than the solution considering the hourly optimized EM, which indicates
that a proper droop parameters design could lead to a suitable microgrid
operation in terms of cost and reliability without depending on a
dispatch strategy that relies on the implementation of MGCC. This so-
lution is composed by the following configuration: Np = 3 [units], Nyr
= 3 [units], Npy = 47 [units] and Ng = 8 [units]. Table 3 presents the
configuration of the best sizing solution of the main values of X, tested.
In this table, Acosr is the percentage difference of the total cost of the
configuration with respect to the hourly optimized EM solution. A dis-
cussion of the operating performance of the selected sizing configuration
is presented in the following subsection.

6.3. Operation of the selected sizing solution for droop control

The selection of a ratio X, sets an operating power-sharing relation
between the dispatchable sources of the selected sizing solution. When



J.M. Rey et al.

30.2

Best solution
Xm = 21.25
LPSP = 0,496 %

30.0

29.8 LOLH = 2,484 % 1
OPEX = 14.704 USD
CAPEX = 14.459 USD
COST = 29.160 USD 1

COST 10° [USD]
3
D

N

©

N
T

29.0 I I I I I I I
5.0 7.5 10.0 125 15.0 175 20.0 22.5 25.0

Xm

Fig. 11. Cost of the best sizing solutions for a selected range of values of Xp,.

simulating the hourly generation-load power balance, it can be observed
that due to the selection of X;, has been made from a sizing design
approach where operational criteria are considered (reliability criteria
described in Section 5), overstress of the sources because of a permanent
operation near their operating limits is prevented.

To illustrate this, in Fig. 12 is presented the hourly generation-load
powers of the days in which the diesel generation and batteries oper-
ate delivering their greatest powers. In this figure can be seen that even
in these selected days, the dispatchable sources are only delivering
maximum powers at some singular operating situations, for instance,
when the wind resource is particularly low during a peak load con-
sumption. According to the simulations results, diesel generators work
at more than 95% of their nominal capacity in less than 4.5% of the
hours of analysis, which is considered an acceptable operation that does
not compromise the lifespan of the equipment and the reliability of the
microgrid.

6.4. Design of droop parameters considering microgrid sizing

The case study presented in the previous subsections showed the
impact that the operation based on the droop control can have over the
microgrid sizing. The results show that a competitive cost can be ob-
tained if the droop parameters are designed considering the sizing
formulation. Intending to generalize this design approach, Fig. 13 pre-
sents the scheme that summarizes the suggested methodology to
calculate the droop parameters considering the sizing results.

The design methodology consists of solving the microgrid sizing
problem for a set of values of the droop ratio X;,;,. The values of this set
can be defined by setting a fixed step or, as was presented in the case

Table 3
Best sizing solutions for the optimal dispatch and different values of Xp,.
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study, evaluating for selected values to analyze the costs behaviour, and
then exploring the results for a specific range of values of X,,. Obtaining
the best sizing solutions for each value (this implies that, as they are
viable solutions, the defined reliability thresholds are guaranteed) lead
to the selection of the best X, in terms of total costs.

It is worth noting that the proposed design methodology allows
obtaining a value for X;,, which corresponds to a ratio between the
droop control parameters (see (25)). This value is related to a desired
power-sharing behaviour, and thus, there are multiple values of mpp and
mp with which this ratio X, can be obtained. For this reason, before
setting droop parameters, a stability analysis must be performed. This
last step is necessary to guarantee proper stability and dynamic char-
acteristics. In the specialized literature on microgrids, there are several
works focused on describing the stability analyses of droop control.
Usually, these are based on design rules that consider the maximum
allowable frequency deviations or stability rules based on small-signal
analysis [67,68].

7. Conclusions

This work aims to analyze the impact of droop control over the sizing
results of a solar/wind/battery/diesel microgrid. For this purpose, a case
study was modelled and simulated as a numerical example. As a
benchmark, an hourly optimized EM scenario was solved. The main
conclusions are the following:

e The droop control operation has a major impact on the microgrid
sizing. Thus, the best sizing solution for an hourly optimized EM
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Fig. 12. Generation-load powers for selected days.
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scenario does not necessarily guarantee good performance for droop [9]
control.

e The obtained results indicate that a highly competitive sizing solu- [10]
tion in terms of total costs can be obtained if the droop control pa-
rameters are calculated using a design methodology that integrates 11
the sizing approach. In the case study presented, this difference is less
than 2.4%, which is an excellent result considering droop control
does not require a centralized controller. (2]

o A generalizable design methodology to calculate droop parameters [13]
was presented. Unlike other approaches, this proposal considers the
microgrid sizing results as starting point to select a ratio X, that
guarantees a competitive total cost for microgrids that operate [14]
without centralized control strategies.

[15]
Future research will be focused on analyzing the impact of adaptive [16]
droop control strategies in different microgrids configurations and
operating scenarios.
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